Abstract. Transforming growth factor-β (TGF-β) proteins are important cytokines in the occurrence and development of tumors. However, its neural functions in glioma are still not understood. In the present study, we evaluated the effects of TGF-β1 on glioma cell line U87. miR-205 and miR-195 were involved in TGF-β1 signaling pathway. Quantitative real-time PCR was used to detect miR-205 and miR-195 levels in human glioma tissue samples and U87 cells treated with different concentrations of TGF-β1. Enzyme-linked immunosorbent assay (ELISA) was performed to determine TGF-β1 in the glioma patients peripheral blood. In vitro, U87 cells were transfected with mimics or inhibitors of miR-205 and miR-195. SMAD proteins were assayed by western blotting. Luciferase assay and co-immunoprecipitation (Co-IP) were used to determine the relationships between miR-205 and SMAD2, miR-195 and SMAD7. Effects of miR-205 and miR-195 on glioma cell proliferation and invasion using colony forming and cell migration assays. It was shown that miR-205 was decreased in glioma tissue, but miR-195 and TGF-β1 was increased. In addition, TGF-β1 concentration was negatively correlated with miR-205 mRNA level, but positively correlated with miR-195 mRNA. In addition, miR-205 was downregulated and miR-195 was upregulated by TGF-β1 in a dose-dependent manner. miR-205 and miR-195 targeted and inhibited SMAD2 and SMAD7 expression, respectively, in U87. High expression of miR-205 but not miR-195 reduced SMAD2 and SMAD4 heteromer formation. In addition, it was also shown that miR-205 overexpression inhibited U87 proliferation and invasion efficiently. All the results suggested that miR-205 and miR-195 participated in the TGF-β1 signaling pathway and showed opposite effects in glioma. These findings contribute to the understanding of TGF-β1 function in glioma.
Introduction
Glioma is a malignant brain tumor lacking effective therapeutic strategies. Underlying biological pathogenic mechanisms need to be explored to supply new targets for glioma treatment. Gliomas are classified into four grades according to the World Health Organization (WHO) (1) . Glioblastoma (GB) belonging to grade IV is the most malignant glioma with a poor prognosis. Therefore in order to develop novel therapeutic methods for GB, it is important to elucidate the fundamental molecular mechanisms leading to glioma formation.
Transforming growth factor-β (TGF-β) is a multi-functional cytokine regulating cell growth and differentiation (2) . TGF-β promotes tumor growth in several ways, including regulating epithelial-to-mesenchymal transition, changing immune response, stimulating angiogenesis and promoting metastasis (3) (4) (5) (6) . TGF-β signaling pathway has been identified to participate in glioma progression by mediating cell proliferation and invasion (7, 8) . TGF-β is overexpressed in glioma tissues in human patients compared with normal tissues, which suggests TGF-β plays a critical role. In glioma, TGF-β1 produced by infiltrating microglia enhances glioma invasion (8) . In addition, TGF-β1 prohibits tumor growth by upregulating miRNAs. It is reported that TGF-β regulates miRNAs including miR-200, miR-205, miR-182, miR-21 and miR-31 (9) (10) (11) . In TGF-β signaling pathway, SMAD2, SMAD3, SMAD4 and SMAD7 are critical proteins (12) . Alterations of SMAD proteins are contributed to induce tumor cell proliferation (13) . These proteins can be regulated by many factors. Recently, microRNAs (miRNAs) were reported to be involved in regulating SMAD proteins (14) (15) (16) .
miRNAs are usually short non-coding and single-stranded RNA containing 18-25 nucleotides, which regulate expressions of many proteins. miRNAs suppress gene expression by binding to target mRNAs at 3' untranslated regions (3'UTRs). A confirmed miRNA target in multiple genes. By this mechanism, miRNAs are related to cell proliferation, invasion, differentiation and apoptosis in tumors. Thus, dysfunction of miRNAs is involved in various types of human cancers
TGF-β1 regulating miR-205/miR-195 expression affects the TGF-β signal pathway by respectively targeting SMAD2/SMAD7
including glioma, and miRNAs can act as both oncogenes and tumor inhibitors during carcinogenesis. miR-205 is often disordered in various solid tumors. miR-205 is overexpressed in non-small cell lung cancer and ovarian cancer cells, promoting tumor progression and chemoresistance (17) (18) (19) (20) . It can target the tumor suppressor gene phosphatase and tensin homolog (PTEN), CYR61 and CTGF, SH2-containing phosphoinositide 5-phosphatase 2 (SHIP2), then, promoting tumor growth (21, 22) . Markedly, miR-205 functions as a tumor inhibitor by targeting oncogenes. miR-205 decreases breast cancer cells proliferation by suppressing ErbB3 and VEGF-A, inhibits melanoma growth by targeting E2F1, hampers renal carcinomas by degrading Src protein (23) (24) (25) . However, the effect of miR-205 on TGF-β1 signaling pathway in glioma is not understood.
Expression and function of miR-195 in tumor development is not confirmed. miR-195 level is reported to be decreased in solid tumors and increased in adenomas (26) , which suggests that miR-195 reveals growth promotion or growth resistance in cancers. The roles of miR-195 in glioma need to be elucidated by TGF-β1 stimulation. Accordingly, it is pivotal to explore the biological functions and molecular mechanisms of miR-205 and miR-195 in the environment with high level of TGF-β1 to find a novel therapy for glioma.
Materials and methods
Ethics statement. All experiments were approved by the Ethics Committee of Wuhan University. Glioma cancer tissues were obtained from Inner Mongolia Autonomous Region People's Hospital, China. Tissues from patients after surgical procedures were sent for pathology diagnosis, and were then collected in TRIzol (Ambion, Austin, Tx, USA). Each patient voluntarily participated in the present study. Non-cancer volunteers were patients without glioma, but with other brain disease and needed pathological diagnosis.
Cells and reagents.
Human GBM cell line U87 was purchased from the American Type Culture Collection (ATCC; Manassas, VA, USA) (no. HTB-14™) and was cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% of fetal bovine serum (FBS; Gibco, Grand Island, NY, USA) at 37˚C in a humidified chamber. Primers for quantitative real-time PCR (qRT-PCR) were synthesized by Invitrogen (Waltham, MA, USA). miR-205 and miR-195 mimics were purchased from Ambion. Enzyme-linked immunosorbent assay (ELISA) kit of human TGF-β1 was obtained from BioLegend (San Diego, CA, USA). Anti-SMAD2 mAb, anti-SMAD3 mAb, anti-SMAD4 mAb and anti-SMAD7 mAb were purchased from Santa Cruz (Santa Cruz, CA, USA). SYBR-Green was purchased from Toyobo (Satte City, Saitama, japan qRT-PCR. Total RNA was extracted as previously described (27) . Briefly, RNA was isolated from tissues using TRIzol according to the manufacturer's instructions. For quantification of miRNA, RNA samples were first reverse-transcribed with miRNA-specific primers using TaqMan miRNA reverse transcription kit and qRT-PCR was performed to detect miR-205 and miR-195 using TaqMan microRNA assay kit and StepOne Plus Real-Time PCR system (both from (Applied Biosystems, Grand Island, NY, USA). U6 was used as internal control. The primers were as follows: miR-205 forward, 5'-CTTGTCCTTCATTCCACCGGA-3' and reverse, 5'-TGCCGCCTGAACTTCACTCC-3' (28); miR-195 forward, 5-GGGGAGCCAAAAGGGTCATCATCT-3' and reverse, 5'-GAGGGGCCATCCACAGTCTTCT-3' (29); U6 forward, CTCGCTTCGGCAGCACA and reverse, AACGCTTCACGA ATTTGCGT (27) . Data were analyzed using the 2 -ΔΔCt method. To detect the effects of TGF-β1 on miR-205 and miR-195, U87 cells were cultured in 6-well plates and treated with 0, 1, 2, 4 and 8 ng/ml of TGF-β1 for 12 h. mRNA levels of miR-205 and miR-195 were determined using qRT-PCR.
ELISA. TGF-β1 secreted into peripheral blood was detected using a TGF-β1 ELISA kit (Invitrogen). The serum of glioma patients and non-cancer volunteers were collected. TGF-β1 concentration was assayed with ELISA kit following the manufacturer's instructions. Absorbance detection was performed at 450 nm using a microplate reader (Bio-Rad, Hercules, CA, USA).
Western blot analysis. Total cellular lysates were prepared with RIPA buffer containing a 2.5% protease inhibitor cocktail, according to the manual. Concentration of protein was quantified by a Bradford assay. Then, 20 µg of the protein samples were separated by SDS-PAGE (10%) and transferred onto polyvinylidene fluoride (PVDF) membrane. SMAD proteins were detected by western blotting using anti-SMAD2 mAb (1:1,000), anti-SMAD3 mAb (1:1,000), anti-SMAD4 mAb (1:2,000) and anti-SMAD7 mAb (1:1,000), respectively. Horseradish peroxidase-conjugated goat anti-mouse IgG (Pierce, Rockford, IL, USA) was used as a secondary antibody. ECL detection systems (UVP, Upland, CA, USA) were used for detection.
Luciferase activity assay. For pGL3-SMAD2-3'UTR and pGL3-SMAD7-3'UTR plasmid construction, the SMAD2-3'UTR containing miR-205 binding site and SMAD7-3'UTR containing miR-195 binding site were amplified and cloned into dual-reporter vector pGL3. The PCR primers were designed according to DNA sequence in Gene Bank. KpnI and XhoI were introduced in the primers for inserting pGL3 vector. 3'UTR of SMAD2 (Gene Bank no. NM_005901.5) were as follows: P1, 5'-ATGCGGTACCAGCTTCACCAATCAAG-3' and P2, 5'-GGTGCTCGAGATAACTACTACTGTTA-3'; 3'UTR of SMAD7 (Gene Bank no. NM_001190821.1) P1, 5'-AATAGGTACCACCGCGTGCGGAGGGGA-3' and P2, 5'-GGTACTCGAGATACACTGTGTTTGGT-3'.
The pGL3-SMAD3-3'UTR and pGL3-SMAD4-3'UTR plasmids which contained full length of SMAD3 and SMAD4 3'UTR were purchased from iGene Biotechnology, Co. (Shanghai, China). For miR-205 binding detection, U87 cells were transiently co-transfected with pGL3-SMADs-3'UTR and either miR-205 mimics/inhibitor or negative control. For miR-195 binding detection, U87 cells were transiently co-transfected with pGL3-SMADs-3'UTR and either miR-195 mimics/inhibitor or negative control. pGL3-basic vector was used as a negative control. After 12 h, a dual-luciferase reporter assay system was used to measure luciferase activity according to the manufacturer's instructions (Promega). Anti-p-SMAD2 mAb was used as the detecting antibody by immunoblotting. The samples were analyzed using the western blotting procedures as described above.
Co-immunoprecipitation (Co
Colony formation assay. Colony formation assay was used to study the effects of miR-205 and miR-195 on cell proliferation. After miRNA mimics, inhibitors and corresponding control transfection, the cells were seeded at a density of 20 cells/well into a 6-well plate and were cultured for 7 days in DMEM with 10% FBS at 37˚C with 5% CO 2 . Colonies that formed were fixed with 4% of paraformaldehyde for 5 min at room temperature and then stained with 0.1% crystal violet for 30 sec. The number of colonies was counted. All the experiments were repeated in triplicate.
Cell invasion assay. Cell migration and invasion assays were performed in 24-well plates using BioCoat™ chambers with 8-µm pore size (BD Biosciences, San Diego, CA, USA). Forty-eight hours post-transfection, 5x10 4 of U87 cells in 500 µl of serum-free medium were transferred into the upper chamber that were coated with Matrigel™ matrix for the invasion assays. Complete medium (500 µl) with 10% FBS was used as a chemoattractant in the lower chamber. After 48 h of incubation, the cells in the upper chamber were removed, while the invaded cells were fixed with 4% of paraformaldehyde, stained with 0.1% crystal violet and counted. All the experiments were repeated in triplicate.
Cell viability detection. To investigate the effects of miR-205 and miR-195 on glioma cell proliferation, U87 cells were transfected with miRNAs and controls and kept on culturing for 72 h. Viability of transfected U87 cells was determined using CellTiter 96 ® AQueous Non-Radioactive Cell Proliferation Assay kit according to the manufacturer's instructions.
Absorbance at optical density (OD) 490 nm was determined using a Thermo Scientific Multiskan GO full wavelength microplate reader.
TGF-β1 has different roles in different cell growth. To further detect the effect of TGF-β1 on U87 cell proliferation, invasion and viability, TGF-β1 combined with or without its inhibitor LY364947 was used to treat U87 cells, the cell proliferation, invasion and viability were determined according to the previous protocol.
Results

TGF-β1 is negatively correlated with miR-205, but positively correlated with miR-195 in patients with brain glioma.
We determined expressions of miR-205 and miR-195 in glioma brain and non-cancer tissues using qRT-PCR. mRNA level of miR-205 in glioma tissue was lower than that in the non-cancer tissue (Fig. 1A ). In addition, mRNA level of miR-195 in glioma tissue was higher than that in the non-cancer tissue (Fig. 1B) . ELISA was performed to analyze levels of TGF-β1 in the serum of glioma patients and non-cancer volunteers. It was shown that TGF-β1 was enhanced in glioma patients compared with non-cancer volunteers (Fig. 1C) . The relationships between miR-205 and TGF-β1, between miR-195 and TGF-β1, were studied by correlation analysis. As shown in Fig. 1D and E, TGF-β1 is negatively correlated with miR-205, but positively correlated with miR-195 in patients with brain glioma. 5 ) were seeded into a 6-well plate and cultured in complete DMEM for 12 h. Then, different concentrations of TGF-β1 (1, 2, 4 and 8 ng/ml) were added into U87 cells. Control group was only U87 cells and to vehicle group was added phosphate-buffered saline (PBS) into the U87 cells. The mRNA level of miR-205 was downregulated by TGF-β1 in a concentration-dependent manner, while the mRNA level of miR-195 was upregulated by TGF-β1 in a concentration-dependent manner ( Fig. 2A and D) . In addition, effects of miR-205 and miR-195 on TGF-β1 signaling pathway were separately examined. U87 cells were transfected with miR-205 and miR-195 mimics, miR-205 and miR-195 inhibitors, or corresponding controls, and western blotting was used to detect the protein level of SMAD2, phosphorylated SMAD2 (p-SMAD2), SMAD3, phosphorylated SMAD3 (p-SMAD3), SMAD4 and SMAD7.
TGF-β1 inhibits miR-205 expression and promotes miR-195 expression in U87 cells. U87 cells (2x10
It was demonstrated that miR-205 prohibited SMAD2 and phosphorylation of SMAD2 expression, but did not affect levels of SMAD3, p-SMAD3, SMAD4 and SMAD7 ( Fig. 2B and C) . miR-205 inhibitor increased expression of SMAD2 and phosphorylation of SMAD2 (Fig. 2B) . Otherwise, miR-195 inhibited the expression of SMAD7 which reduced the expression of p-SMAD2 and p-SMAD3. However, there was no influence on the expression of t-SMAD2, t-SMAD3 and SMAD4 (Fig. 2E and F) . In addition, miR-195 inhibitor enhanced expression of SMAD7 in U87 cells (Fig. 2E) . These findings indicated that TGF-β1 signaling pathway could be activated by miR-195 inhibiting SMAD7 expression, and this pathway could be suppressed by miR-205 inhibiting SMAD2 and phosphorylation of SMAD2 in glioma cells. 
SMAD2 is a target of miR-205, and SMAD7 is a target of miR-195 in glioma.
miR-205 and miR-195 were predicted to act with 3'UTR of SMAD2 and 3'UTR of SMAD7, respectively using TargetScan software ( Fig. 3A and B) . Luciferase activity assay was performed to verify the functions of miR-205 and miR-195 on SMAD2 and SMAD7. We found that miR-205 enormously decreased the luciferase activity of SMAD2 3'UTR in U87 cells (Fig. 3C ). In addition, there was no effect on luciferase activity of 3'UTR of SMAD3, SMAD4 and SMAD7 (Fig. 3E) . Moreover, high expression of miR-205 significantly inhibited the heteromer formation of SMAD2 and SMAD4 ( Fig. 3G and I ). This result hinted that miR-205 suppressed TGF-β1 signal pathway in glioma directly by inhibiting the heteromers formation of SMAD2 and SMAD4. miR-195 inhibited extremely the luciferase activity of SMAD7 3'UTR in U87 cells (Fig. 3D) . It was also shown that there was no function of miR-195 on SMAD2, SMAD3 and SMAD4 (Fig. 3F) . High expression of miR-195 did not suppress heteromer formation of SMAD2 and SMAD4 but increased heteromer formation (Fig. 3H and j) , which suggested that miR-195 could not inhibit TGF-β1 signal pathway but stimulate the pathway by promoting heteromer formation of SMAD2 and SMAD4 in glioma. Mechanism of promoting heteromer formation of SMAD2 and SMAD4 was contributed to miR-195 inhibiting SMAD7 expression (Fig. 2D) .
We also evaluated impact of the miR-205 and miR-195 blockade. The luciferase activity assay showed that miR-205 and miR-195 inhibitors enhanced luciferase activity of SMAD2-3'UTR and SMAD7-3'UTR, respectively, in U87 cells. miR-205 inhibitor but not miR-195 inhibitor significantly increased the heteromer formation of SMAD2 and SMAD4 (Fig. 3G-j) .
miR-205 inhibits U87 cell proliferation and invasion while miR-195 promotes U87 cell proliferation and invasion.
To evaluate the impact of miR-205 and miR-195 on U87 cell proliferation, cell colony and cell viability assays were employed. The results showed that miR-205 decreased U87 cell colonies and viability, but miR-195 increased U87 cell colonies and viability (Fig. 4A-E) .
To further explore the potential roles of miR-205 and miR-195 on glioma cells, we still overexpressed miR-205 and miR-195 in U87 cells by transiently transfecting them with miRNAs mimics. We then conducted cell invasion assays, which revealed that miR-205 prohibited the invasive ability of U87 cells (Fig. 4F) . In addition, miR-195 displayed a potentiation in the invasive ability of U87 (Fig. 4G) .
To corroborate the roles of miR-205 and miR-195 in regulating cell activities, we characterized the effects of miR-205 and miR-195 blockade. We also transfected U87 cells with miR-205 and miR-195 inhibitors, and corresponding controls, respectively. Using cell colony formation assay, cell viability detection and cell invasion assay, it was found that the expression of anti-miR-205 significantly enhanced proliferation and invasion of U87; however, miR-195 inhibitor decreased proliferation and invasion of U87 (Fig. 4) To identify the effect of TGF-β1 on U87 cells, the cells were stimulated with TGF-β and LY364947. The results suggested that TGF-β1 promoted cell colony formation, increased the viability of U87 cells and enhanced cell invasion. However, LY364947, an inhibitor of TGF-β1, displayed a reverse function on U87 cells and LY364947 efficiently inhibited cell proliferation induced by TGF-β1 (Fig.4 H-K) . The results indicated that inhibitor of TGF-β1 was able to repress the function of miR-195.
Taken together, these observations revealed that miR-205 functioned as a tumor inhibitor and miR-195 was possibly a tumor promoter in U87 cells.
Discussion
Transforming growth factor-β (TGF-β) has been suggested to regulate cellular growth, proliferation and differentiation, and it exhibits a positive or negative function in modulating tumor cells (30) . Classical TGF-β signaling is mediated by SMAD proteins. SMAD proteins are divided into three groups: receptor-regulated SMADs including SMAD1, 2, 3, 5 and 8, and common SMAD including SMAD4, inhibitory SMAD including SMAD6 and 7 (31) . TGF-β has been demonstrated to be overexpressed in malignant glioma tissues, but undetected in normal brain tissues.
miRNAs have recently been identified to be important regulatory components in TGF-β signal pathway. In the present study, we found that the mRNA level of miR-205 was decreased in glioma patients, and miR-195 and TGF-β1 were both increased in glioma patients. It was revealed that TGF-β1 was negatively correlated with miR-205 mRNA level, but positively correlated with miR-195 mRNA level. In addition, the mRNA level of miR-205 was downregulated by TGF-β1 in a concentration-dependent manner, and the mRNA level of miR-195 was upregulated by TGF-β1 in a concentration-dependent manner.
miRNAs are small non-coding RNAs involved in tumor initiation and progression. Numerous miRNAs can be regulated by TGF-β1 and further influence the downstream of TGF-β signaling. miR-146b is upregulated by TGF-β in a time-dependent manner in intestinal epithelial cells (30) . miR-132 is also upregulated by TGF-β in glioma cell line U87 (32) . In addition, miR-155, in human fibroblasts, is downregulated by TGF-β. miR-182 can be induced by TGF-β and directly target and suppress the 3' untranslated regions (3'UTRs) of multiple genes that function as negative regulators of NF-κB, leading to NF-κB hyperactivation and aggressiveness of gliomas (33) . Herein, we found that miR-205 and miR-195 were mediated by TGF-β1 in glioma.
Functions of miR-205 in cancers are still vague since it has been found to be upregulated or downregulated targeting different genes (34, 35) . In various tumors, miR-205 shows an anticancer effect, e.g. prostate cancer, renal cancer and acute lymphoblastic leukemia (36) . Otherwise, miR-205 plays a role as an oncogene, such as in nasopharyngeal carcinoma, and cervical cancer (37) . In the present study, we found that elevated TGF-β1 induced miR-205 expression in U87 cells.
Then, miR-205 targeting SMAD2 protein inhibited heteromer formation of SMAD2 and SMAD4 and reduced angiogenesis and tumor invasion. In contrast, miR-195 was promoted by TGF-β1. miR-195 is related to tumor progression or inhibition. Biological effects of miR-195 remain controversal. miR-195 is reported to increase hepatocellular carcinoma and malignant melanoma (38, 39) .
In the present study, it was found that miR-195 targeted 3'UTR of SMAD7 and blocked the inhibition of SMAD7. This result is consistent with a study, that miR-195 downregulates the SMAD7 level (40) . miR-195 indirectly promoted TGF-β1 signal pathway and enhanced glioma cell invasion and proliferation in U87 cells.
SMAD7 is not only a target gene of TGF-β1 but also target of some inflammatory cytokines, such as IL-1, TNF-α and IFN-γ. It is reported that SMAD7 expression is also induced by EGF, laminar shear stress, UV irradiation and PMA (41) . In general, SMAD7 gene expression is controlled by the binding of nuclear active receptor regulated SMAD (R-SMAD) complexes, mainly p-SMAD1-SMAD4 and p-SMAD2-SMAD4 to the SMAD7 promoter region (42) . However, in male Sprague-Dawley rats, angiotensin II increased phosphorylation of SMAD2 (p-SMAD2) in aortic protein, but did not affect the level of SMAD7, which suggests that Smad7 expression can be modulated by another mechanism besides Smad2, such as p-SMAD1 (43) . In addition, in CCl4-induced liver fibrosis rat model, TGF-β is upregulated and levels of phospho-SMAD2/3 and its nuclear translocation are increased, but SMAD7 is reduced in liver tissue (44) . In the present study, miR-205 inhibited SMAD2, which did not influence SMAD7 expression. The result suggested that SMAD7 was probably regulated by another mechanism, than p-SMAD2 binding to SMAD7 promoter in glioma cell line U87.
In summary, we concluded that miR-205 could be inhibited by TGF-β1, but miR-195 could be stimulated by TGF-β1. Then, enhancing the activation of TGF-β1 signal pathway via inhibiting miR-205 targeting SMAD2 to reduce degradation of SMAD2 or promoting miR-195 targeting SMAD7 to increase p-SMAD2 in glioma cells (Fig. 5) . These findings supply a potential therapeutic target for treating glioma.
